Macrophages are the key cells in metabolic syndrome and are also a risk factor for metabolic disease. Macrophages have different functions and transcriptional profiles, but all are required for maintaining homeostasis. It is well known that macrophages play a key role in inflammation and early atherogenesis, and are present in two phenotypes: pro-inflammatory (M1) and antiinflammatory (M2). Osteoclast stimulatory transmembrane protein (oc-stamp) is a multiple-pass transmembrane protein; however, its function remains unclear. In this study, we explored the role of oc-stamp in macrophages physiology. The results showed that oc-stamp was notably decreased under LPS and IFN-γ stimulation, while it was increased with IL-4 treatment. Furthermore, oc-stamp induced a phenotypic switch in macrophage polarization, suppressing the M1 pro-inflammatory state in the overexpression group, and promoting the M1 pro-inflammatory state in the knockdown group. Further study revealed that oc-stamp regulated macrophage polarization possibly via STAT6. Taken together, our results are the first to demonstrate that oc-stamp may play an important role in macrophage polarization and inhibit the M1 pro-inflammatory state.
Introduction
Macrophages are a heterogeneous population of innate myeloid cells associated with health conditions and diseases. From the immunological point of view, macrophages are required to maintain metabolic homeostasis. Macrophages have different functions and transcriptional profiles, but all are required for maintaining homeostasis [1] . M1 and M2 macrophages are two of the most important phenotypes of the macrophage subsets. M1 macrophages exacerbate inflammation and tissue injury, reactive nitrogen and oxygen intermediates, mediate resistance to pathogens and have strong microbicidal properties [2] , whereas M2 macrophages play key roles in inhibiting inflammation and promoting tissue repair [3] . In vitro, the classic macrophage (M1) activation is caused by the cytokine IFN-γ in combination with lipopolysaccharide (LPS), and the alternative macrophage (M2) activation is caused by the cytokines interleukin (IL)-4 and IL-13 [4] [5] [6] . M1 macrophages contribute to an increased and sustained inflammatory response via the production of pro-inflammatory cytokines such as IL-6, tumor necrosis factors (TNFs), as well as IL-12 and toxic agents such as nitric oxide (synthesized by inducible NO synthase, iNOS) and free oxidative radicals [7] [8] [9] [10] [11] . M2 macrophages are anti-inflammatory macrophages identified by the expression of molecules such as arginase 1 (Arg1), IL-10, and Mrc1 (also known as CD206), and are involved in tissue repair [12] [13] [14] . Identification of these two subsets of macrophages mostly relies on arginine metabolites (iNOS and Arg1) and cell surface markers (CD11b and CD206) [15] [16] [17] . Osteoclast stimulatory transmembrane protein (oc-stamp) is a multiple-pass transmembrane protein, the mRNA of which is strongly upregulated in primary pre-osteoclasts and in RAW264.7 cells upon exposure to receptor activator of nuclear factor-kappa B ligand (RANKL). Rat oc-stamp is 84% identical and 92% similar to that of mouse, and human oc-stamp is 74% identical and 86% similar to that of mouse [18] . Oc-stamp is expressed in most tissues, thus suggesting its involvement in functions of multiple tissues [19] . Recently, oc-stamp has been reported to induce the fusion of osteoclasts and foreign body giant cells (FBGCs) [20] [21] [22] . In RAW264.7 cells and bone marrow mononuclear cells induced by RANKL, oc-stamp mRNA expression was decreased by inhibiting PKC-β, Akt, P38, NF-κB, or JNK [19] . Oxidized low-density lipoprotein decreases RANKL-induced differentiation of osteoclasts by inhibiting RANKL signaling [23] . However, the function of oc-stamp is still unclear. In our previous study, we successfully separated peritoneal macrophages from db/db mice (C57BL/KsJ) and wild-type mice, and found that the oc-stamp gene expression decreased significantly in db/ db mice compared to in wild-type mice. Thus, we suggested that the metabolic status in diabetes, such as hyperglycemia, hyperlipidemia, and inflammatory factors, could reduce oc-stamp gene expression, and that oc-stamp may play a role in the macrophage physiology.
In this study, the role of oc-stamp in inflammation and macrophage polarization was explored. We found that M1 macrophage was significantly decreased in cells overexpressing oc-stamp compared with that in control cells. Oc-stamp deficiency influenced the expression of M2-associated transcription factors. In summary, the present study demonstrates that oc-stamp plays a specific role in the regulation of macrophage polarization.
Materials and Methods
Cell culture and treatment RAW264.7 cells (ATCC, Manassas, USA) were cultured in Dulbecco's Modified Eagle Medium (DMEM; HyClone, Logan, USA) supplemented with 10% heat-inactivated (56°C for 30 min) fetal bovine serum (FBS; Gibco, Carlsbad, USA) and 1% penicillin/ streptomycin (Life Technologies, Carlsbad, USA) at 37°C in a humidified atmosphere of 5% CO 2 . The medium was changed every 2 days. THP-1 cells (Chinese Academy of Sciences, Shanghai, China) were routinely cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (HyClone) supplemented with 10% FBS and 1% penicillin/streptomycin, at 37°C in a humidified atmosphere of 5% CO 2 . HEK 293 T cells (Chinese Academy of Sciences) were maintained in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin in a humidified incubator at 37°C in 5% CO 2 .
Prior to stimulation, THP-1 cells were differentiated for 48-72 h in the presence of 100 ng/ml phorbol myristate acetate (PMA; Sigma-Aldrich, St Louis, USA). For stimulation, cells were seeded at a density of 1 × 10 5 cells/well in 6-well plates and cultured with DMEM or RPMI1640 containing 100 ng/ml LPS (Sigma-Aldrich) and 20 ng/ml IFN-γ (PeproTech, Rocky Hill, USA), or 20 ng/ml IL-4 (PeproTech) for 0, 0.5, 6, 9, 12, 18, or 24 h.
Overexpression and lentiviral transduction
Full-length oc-stamp cDNA was obtained by reverse transcription (RT)-PCR according the sequence 'NM_029,021.1' in NCBI databases. The cDNA was cloned in-frame into the pLentiCMV expression vector (Public Protein/Plasmid Library, Nanjing, China). In-frame insertion was verified by DNA sequencing. Then, the lentiviral plasmids pLentiCMV or pLentiCMV-OC-STAMP were co-transfected with psPAX2 and pMD2.G (Public Protein/Plasmid Library) into HEK 293 T cells using Lipofectamine 3000 (Life Technologies). The medium was substituted on the following day, and viral supernatants were harvested at 48 h post-transfection. RAW264.7 cell and THP-1 cell were transduced with lentiviruses in the presence of 8 μg/ml Polybrene (Sigma-Aldrich). Infected cells were selected with 2.5 μg/ml puromycin (Sigma-Aldrich) for 3 days. The overexpression was evaluated by western blot analysis and real-time quantitative PCR (qRT-PCR).
shRNA transfection RAW264.7 cells and THP-1 cells were transfected with shRNA plasmids (Santa Cruz, Santa Cruz, USA) for oc-stamp, and a negative control shRNA plasmid (Santa Cruz) using Lipofectamine 3000 (Life Technologies) according to the manufacturer's protocol. After the transfected cell population was enriched, cells were selected with 2.5 μg/ml puromycin (Sigma-Aldrich) for 3-5 days. The extent of knockdown was evaluated by western blot analysis and qRT-PCR.
qRT-PCR
Total RNA was isolated from RAW264.7 cells and THP-1 cells using TRIzol reagent (Invitrogen, Carlsbad, USA) according to the manufacturer's instructions, and the RNA concentration was measured using a NanoDrop ND1000 Spectrophotometer (Thermo fisher scientific, Waltham, USA) with 260/280-nm readings. One microgram of RNA was reverse transcribed to cDNA using the PrimeScript RT reagent kit with a gDNA Eraser (Takara, Shiga, Japan), and qRT-PCR was performed using the LightCycler 480 System (Roche, Basel, Switzerland) with 2 μl of cDNA in a total reaction volume of 20 μl using SYBR Premix Ex Taq II (Takara). 
Data were normalized to the endogenous housekeeping gene r18S (RAW264.7) or β-actin (THP-1) which was confirmed to be stable across the groups. The relative changes were calculated using the 2 -ΔΔCT method. Primer sequences are listed in Table 1 .
Western blot analysis
Cells were washed twice with PBS and lysed in RIPA buffer containing protease inhibitors (Beyotime, Shanghai, China). Protein concentrations were estimated using BCA protein assay kit (Beyotime). Equal amounts of proteins were separated on SDS-PAGE gels, followed by being transfered to polyvinylidene fluoride membranes (Millipore, Billerica, USA). Membranes were then blocked with 5% skimmed milk for 2 h and subsequently hybridized with primary antibodies against oc-stamp (Santa Cruz), signal transducer and activator of transcription factor (STAT) 6 and phospho-STAT6 (Tyr6410; Cell Signaling Technology, Beverly, USA), or STAT1 and phospho-STAT1 (Tyr701; Affinity, Cincinnati, USA) overnight at 1:1000 dilutions at 4°C. The membranes were then washed three times with Tris-buffered saline with 0.5% Tween 20 (TBST) and incubated with horseradish peroxidase-conjugated secondary antibody (Jackson, West Grove, USA) at 1:5000 dilutions for 1 h at room temperature. Finally, the membrane was washed three times with TBST buffer and incubated with ECL substrate (Millipore, Billerica, USA), and then exposed and developed.
Statistical analysis
Each experiment was performed in triplicate, and each individual experiment was repeated three times (n = 3) in order to achieve statistically significant results. Data are presented as the mean ± SEM. Statistical analysis and generation of graphs were performed using GraphPad Prism 6 (GraphPad Software, La Jolla, USA). Student's t-test was used to compare differences between two groups, and one-way ANOVA followed by the Student-Newman-Keuls test was adopted to compare differences between multiple groups. P < 0.05 were considered statistically significant.
Results

Expression of oc-stamp in RAW264.7 cells and THP-1 cells with LPS and IFN-γ or IL-4 stimulation
To determine oc-stamp expression pattern in the RAW264.7 cells and THP-1 cells, cells were treated with LPS (100 ng/ml) and IFN-γ (20 ng/ml) or IL-4 (20 ng/ml) for 6, 9, 12, 18, or 24 h. Then, the relative oc-stamp mRNA expression was measured at each time point by qPCR. Treatment with LPS and IFN-γ resulted in a decrease in oc-stamp gene expression in RAW264.7 cells (Fig. 1A) , and also a reduction in protein levels (Fig. 1B,C) . However, there was an increase in oc-stamp gene expression induced by IL-4 ( Fig. 1D) , and the protein expression was also mildly increased (Fig. 1E,F) . The phenomenon was also tested in THP-1 cells. Under LPS and IFN-γ stimulation, the expression of oc-stamp at mRNA and protein levels were decreased ( Fig. 2A-C) , and treatment with IL-4 showed an increase at oc-stamp mRNA expression and protein levels ( Fig. 2D-F) . At the same time, several inflammatory factors were measured. The pro-inflammatory factors, such as IL-6 and INOS2, were increased and clearly induced by LPS + IFN-γ ( Supplementary Fig. S1A,B) . Furthermore, anti-inflammatory factors IL-10 and Arg1 were also increased with IL-4 stimulation ( Supplementary Fig. S1C,D) . Taken altogether, the results showed that the change in oc-stamp or inflammatory factors was the highest at the time point of 12 h, so we chose this time point in the subsequent experiments.
Overexpression of oc-stamp inhibits the proinflammatory state
To confirm the overexpression of oc-stamp (OE-oc-stamp) in RAW264.7 cells and THP-1 cells, oc-stamp mRNA and protein expression was analyzed by qPCR and western blot analysis, respectively (Figs. 3A-C and 4A-C). Next, the role of oc-stamp in inflammation was assessed in RAW264.7 cells. mRNA expressions of inflammatory factors were measured after stimulation with LPS and IFN-γ or IL-4 for 12 h. As shown in Fig. 3D , oc-stamp overexpression deccreased IL-1, INOS2 mRNA expression by 29% and 41%, compared with the control cells, while IL-6 expression was not changed significantly. In oc-stamp-overexpressing cells, Arg1 mRNA expression was increased to 1.47-fold compared with that in the control cells, but IL-10 showed no significant difference (Fig. 3E) . After LPS and IFN-γ stimulation, in oc-stampoverexpressing cells, the expressions of IL-6, IL-1, and INOS2 mRNA were significantly reduced by 42%, 77%, and 84%, respectively, compared with those in the control cells (Fig. 3D) . However, in response to IL-4 stimulation, Arg1 mRNA expression showed a 2.16-fold increase in oc-stamp overexpressing cells compared with that in the control cells, while IL-10 showed no significant difference (Fig. 3E) . These results were also observed in THP-1 cells. In the ocstamp overexpression group, IL-6, IL-1, and INOS2 mRNA expressions were reduced by 22.3%, 33.3%, and 41.6%, respectively ( Fig. 4D) , while IL-10 and Arg1 mRNA expresions showed an increase by 1.37-fold and 1.23-fold, respectively, compared with the control group (Fig. 4E) . After LPS and IFN-γ treatment, the mRNA expressions of IL-6, IL-1, and INOS2 were decreased by 74%, 80%, and 87.6% in the oc-stamp overexpression group (Fig. 4D) , compared with that in the control group, while the mRNA expressions of IL-10 and Arg1 were increased by 2.8-fold and 1.77-fold (Fig. 4E) after treatment with IL-4. These results indicate that ocstamp overexpression not only inhibits the macrophage response to the LPS + IFN-γ-induced pro-inflammatory state, but also promotes macrophage polarization toward the M2 alternative phenotype in RAW264.7 cells and THP-1 cells.
Knockdown oc-stamp promotes the macrophage response to M1 activation
To further confirm the inhibitory effect of oc-stamp on the macrophage inflammatory response, oc-stamp was knocked down in RAW264.7 cells and THP-1 cells with sh-oc-stamp RNA plasmid. An empty plasmid was used as the control. The expression of ocstamp in the transfected cells was confirmed by qPCR and western blot analysis (Figs. 5A-C and 6A-C). After transfection, the cells were activated toward M1 or M2 phenotypes with LPS (100 ng/ml) + IFN-γ (20 ng/ml) or IL-4 (20 ng/ml), and M1 and M2 markers were measured accordingly. The results showed that knockdown of oc-stamp in RAW264.7 cells increased mRNA expression of IL-1 and INOS2 by 1.21-fold and 1.38-fold, respectively (Fig. 5D ), but IL-10 mRNA expression was decreased by 15% compared with the control. There was no significant difference in Arg1 mRNA expression (Fig. 5E) . When the oc-stamp-knockdown cells were treated with LPS + IFN-γ, cell inflammatory response was clearly promoted, as shown by an increase in IL-1 and INOS2 mRNA expression by 3.43-fold and 2.11-folds, respectively (Fig. 5D) . Moreover, there was a 48% decrease in IL-10 mRNA expression under IL-4 stimulation in the sh-oc-stamp group compared with that in the control group (Fig. 5E) . In THP-1 cells, IL-1 and INOS2 mRNA were increased by 1.15-fold and 1.14-fold after knockdown of oc-stamp, compared with the control cells (Fig. 6D) , Arg1 was decreased by 10% but IL-10 showed no significant difference (Fig. 6E) . When cells were treated with LPS and IFN-γ, the mRNA expressions of IL-1 and INOS2 were increased by 1.47-fold and 1.38-fold, respectively, in sh-oc-stamp group compared with the control group (Fig. 6D) . Under IL-4 stimulation, Arg1 mRNA expression in sh-oc-stamp group was decreased by 14% compared with the control, and IL-10 mRNA expression was also decreased by 15% (Fig. 6E) . These results indicate that knockdown of ocstamp promotes the macrophage response to M1 activation.
Oc-stamp regulates macrophage polarization possibly via the STAT6-STAT1 axis
Macrophage polarization is a complex phenomenon involving many molecules and signaling pathways. To date, the JAK/STAT signaling pathway, PI3K/Akt, and C-Jun N-terminal kinase (JNK) have been verified to be involved in macrophage polarization [24] [25] [26] [27] [28] . Miyamoto et al. [29] found that the STAT6-STAT1 axis regulates oc-stamp expression in FBGCs. Thus, we proposed that oc-stamp possibly induces a phenotypic switch in macrophage polarization via STAT6 or STAT1. Next, we examined STAT protein phosphorylation. In RAW264.7 cells, it was found that STAT6 phosphorylation (p-STAT6) in OE-oc-stamp group was increased by 1.1-fold compared with the control group, but there was no significant difference in sh-oc-stamp. STAT1 phosphorylation (p-STAT1) showed no significant difference in the OE-oc-stamp group and in the sh-ocstamp compared with that in the control group (Fig. 7C) . After LPS and IFN-γ induction, p-STAT1 was decreased by 30% in OE-ocstamp group but p-STAT6 was increased by 1.23-fold, when compared with the control group. In sh-oc-stamp group, p-STAT1 was increased by 1.19-fold but p-STAT6 showed no significant difference when compared with the control group (Fig. 7A,D) . When cells were stimulated with IL-4, p-STAT1 was decreased by 20% but p-STAT6 was increased by 1.2-fold in the OE-oc-stamp group compared with the control group. In sh-oc-stamp group, neither p-STAT1 nor p-STAT6 showed any significant difference when compared with the control group (Fig. 7B,E) . In THP-1 cells, it was also found that p-STAT6 was increased by 1.21-fold but p-STAT1 was decreased by 17% in the OE-oc-stamp group when compared with the control group, and p-STAT1 was increased by 1.14-fold in the sh-oc-stamp group when compared with the control group (Fig. 7H) . When THP-1 cells was induced by LPS and IFN-γ, p-STAT1 was decreased by 11% but p-STAT6 was increased by 1.14-fold in the OE-oc-stamp group compared with the control group. In the sh-oc-stamp group, p-STAT1 was increased by 1.13-fold but p-STAT6 was decreased by 10% compared with the control group (Fig. 7F,I ). However, under IL-4 stimulation, in the OE-oc-stamp group, p-STAT6 was increased by 1.15-fold, while there was no significant difference in p-STAT1 compared with the control group. In the sh-oc-stamp group, p-STAT1 was increased by 1.12-fold while there was no significant difference in p-STAT6 compared with the control group (Fig. 7G,J) .
Discussion
It has been reported that oc-stamp plays central roles in cell fusion and osteoclast, however, its role in macrophage polarization has not been assessed. In our previous studies, we found that oc-stamp gene expression in peritoneal macrophages was decreased significantly in db/db mice compared to in wild-type mice, and the chemotactic and phagocytic fuction of macrophages were also changed. So we hypothesized that oc-stamp may play a role in macrophages physiology. Here, we overexpressed and knocked down oc-stamp in RAW264.7 cells and THP-1 cells, and found that oc-stamp regulated macrophage polarization following LPS + IFN-γ or IL-4 stimulation. Plasticity and inflammatory factor-induced heterogeneity are main characteristics of macrophages. Different environmentderived stimuli could induce the macrophage phenotypic polarization, such as classically activated macrophage (M1) and alternatively activated macrophage (M2). Most studies support that M1 macrophage polarization mediates inflammation, whereas M2 macrophage polarization mediates anti-inflammation. In the present study, M1 classic activation was induced by LPS and IFN-γ, followed by the determination of IL-1, IL-6, and INOS2 expression. M2 alternative activation induced by IL-4 was characterized with IL-10, TGF-β, and Arg1 expression. All of these pro-inflammatoy parameters were significantly lower in the oc-stamp overexpression group compared with that in the control group. Arg1 and IL-10 were significantly increased in the cells overexpressing oc-stamp compared with that in the control cells. The results were reversed in the sh-oc-stamp group. These data show that oc-stamp induces a phenotypic switch in macrophage polarization, suppressing the M1 pro-inflammatory state in the overexpression group, and promoting the M1 pro-inflammatory state in the knockdown group. Macrophage polarization is a complex process in which more than one factor interacting with each other regulated by a variety of signal molecules and signaling pathways, such as JAK/STAT, PI3K/Akt, JNK, Notch, and B7-H3/STAT3 signaling pathway, which have been extensively studied. STAT6 plays an essential role in transducing IL-4/IL-4 receptor signals [25] , and the STAT6-STAT1 axis regulates oc-stamp expression and governs fusogenic mechanisms in FBGCs. Miyamoto et al. [29] found that the lack of STAT6 increased STAT1 activation, significantly inhibited cell-cell fusion and decreased oc-stamp expression in IL-4-induced FBGCs. Furthermore, STAT1 deficiency was sufficient to promote cell-cell fusion and oc-stamp expression in FBGCs without IL-4. Therefore, we suggest that oc-stamp switches macrophage polarization possibly via STAT6. Under LPS and IFN-γ stimulation, knockdown of oc-stamp increased STAT1 activation, while overexpression of oc-stamp increased STAT6 phosphorylation in RAW264.7 cells and THP-1 cells. In addition, when oc-stamp was knocked down in RAW264.7 cells, STAT1 phosphorylation was increased compared with that in control cells under IL-4 induction. The change between STAT6 and STAT1 was in accordance with the results of FBGCs in Miyamoto H's research [29] . These data indicate that oc-stamp regulates macrophage polarization possibly by STAT6 and STAT1, but it is necessary to block the activation of STAT6 or STAT1, and then to detect macrophage polarization.
Recent studies have shown that macrophage polarization is involved in the osteoclast formation [30] , and oc-stamp is involved in osteoclast fusion. Moreover, our studies showed that oc-stamp may play an important role in macrophage polarization. So there is an interesting question: whether oc-stamp-mediated macrophage polarization regulates osteoclast formation. To address this, in future studies, we will try to block the activation of STAT6 or STAT1, and then detect macrophage polarization to further explore the relationship between oc-stamp and the STAT1-STAT6 axis in macrophage polarization. At the same time, we will also explore the role of oc-stamp in atherosclerotic plaques.
In conclusion, we first demonstrated that oc-stamp participates in the polarization of macrophages. Knockdown of oc-stamp could increase the percentage of M1 macrophages, and oc-stamp overexpression could inhibit the M1 pro-inflammatory state significantly. Our findings suggest that oc-stamp may be a specific target for the treatment of macrophage-associated chronic inflammation and metabolic disease.
Supplementary Data
Supplementary data is available at Acta Biochimica et Biophysica Sinica online.
Funding
